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Abstract
In this study, genetic diversity in 340 finger millet accessions from Kenya, Tanzania and
Uganda and 15 minicore accessions was assessed using 23 single-sequence repeat markers
and five qualitative traits. Nineteen markers were polymorphic with a mean polymorphic infor-
mation content value of 0.606 and a range of 0.035–0.889, with allele size ranging from 148 to
478. A total of 195 alleles were detected (range of 3–23 and average of 10.3 alleles per locus),
with 57.7% being rare and 17.4% being private. Differentiation between the accessions of the
three countries was weak, with most of the genetic diversity being explained by variability
within the countries and subregions than by that among the countries and subregions. The
highest genetic diversity was observed in the Kenyan accessions (0.638 ^ 0.283) and the
least in the Ugandan accessions (0.583 ^ 0.264). The highest differentiation based on Wright’s
fixation index was observed between the Ugandan and Tanzanian accessions (FST ¼ 0.117;
P , 0.001). There was no association between the morphological traits assessed and the gen-
etic classes observed. The low variability between the countries could be attributed to a shared
gene pool, as the crop originated from the East African region. Farmers’ selection for adap-
tation and end use could have contributed to the high diversity within the countries. Concerted
efforts need to be made to characterize the large germplasm stocks in East Africa for their effec-
tive conservation and utilization. The lack of representation of accessions from the three
countries in all global minicore diversity clusters points to the need to explore the East African
germplasm to identify the diversity not captured earlier to be included in the global repository.
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Introduction
East Africa, specifically Uganda, is the primary centre of
finger millet diversity and therefore the region is pre-
sumed to have a wider and richer genetic base for the
crop than other regions (Harlan 1971; de Wet, 1995).
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This diversity is important for finger millet productivity
improvement through selection for direct commercial
use and for breeding to mitigate biotic and abiotic stres-
ses that affect the crop. Effective breeding for target traits
requires careful selection of parents with a wide genetic
base to enhance genetic gain (Lapitan et al., 2007).
The complementarity of phenotypic and molecular
approaches in crop diversity studies helps us to under-
stand not only the variability in the germplasm but also
the value of the variability observed. Hilu and de Wet
(1976) reported variability in vegetative, floral and seed
morphology in finger millet based on ecogeographical
origin and were able to distinguish three ecogeographical
races, namely African highland race, African lowland race
and Indian race. Using morphological data, Upadhyaya
et al. (2010) were able to develop a core collection
(10% of the total collection) and a minicore (10% of the
core collection) to represent the total global diversity
held at the International Crops Research Institute for
Semi-Arid Tropics (ICRISAT) genebank.
Previous studies of finger millet diversity using molecu-
lar approaches are limited due to the limited understanding
of the genome of finger millet compared with that of other
cereals such as maize (Zea mays), wheat (Triticum aesti-
vum), barley (Hordeum vulgare), rice (Oryza sativa) and
sorghum (Sorghum bicolor). Both hybridization-based
and polymerase chain reaction (PCR)-based markers
have been used in finger millet diversity studies, though
not extensively. Panwar et al. (2010) compared random
amplified polymorphic DNAs (RAPDs) and single-
sequence repeats (SSRs) and found the highest poly-
morphic information content (PIC) value with SRRs (0.89)
than with RAPDs (0.280). Dida et al. (2008) used 45 SSR
markers to characterize 79 finger millet accessions from
Africa and Asia and distinguished three subpopulations,
where those from Africa and Asia (Eleusine coracana)
were clearly differentiated from a wild subpopulation
(Eleusine africana). Upadhyaya et al. (2008) used 20 SSR
markers to characterize over 959 finger millet accessions
at ICRISAT-India, revealing 231 alleles and identifying
unique alleles distinguishing accessions from East Africa,
Southern Africa and South Asia. Molecular characterization
requires the use of precise markers to avoid spurious
clustering of genotypes (Kumari and Pande, 2010). Being
single-locus co-dominant markers with a high degree
of length polymorphism, SSRs are the most suitable
markers for genotyping a highly self-pollinating crop with
a narrow genetic base such as finger millet (Dida et al.,
2007). To date, a large number of finger millet collections
have been conserved in the genebanks of Kenya, Tanzania
and Uganda, and only a small fraction of these collections
have been characterized and/or used in breeding
programmes. This study was conducted to assess the gen-
etic differentiation among 340 East African finger millet
accessions from Kenya, Tanzania and Uganda using
five qualitative traits and 23 previously documented
SSR markers to inform appropriate conservation and
utilization strategies for the germplasm.
Materials and methods
Germplasm
A total of 340 samples, which included 301 accessions from
Kenya,UgandaandTanzania, 15accessions from theglobal
minicore set and 24 checks (elite and blast-resistant/
susceptible lines from the ICRISAT-Nairobi breeding
programme), were used in this study. The minicore is 1%
(80 accessions) of the global finger millet collection at
the ICRISAT genebank, India, constituted by Upadhyaya
et al. (2010). The 301 accessions represented nine sub-
regions, viz. eastern Uganda – mid-altitude, subhumid
with 240–269 length of growing period (LGP in days);
western Uganda – mid-altitude with 270–299 LGP; north-
ern Uganda – mid-altitude with 210–230 LGP; western
Kenya – mid-altitude, subhumid with 240–269 LGP;
Rift Valley, Kenya – high altitude, low temperature with
120–209 LGP; eastern Kenya – mid-to-low altitude, semi-
arid; western Tanzania – mid-altitude with 210–239 LGP;
northern Tanzania – mid-altitude, subhumid with 90–149
LGP; and Rukwa subregion, southern Tanzania, high
altitude with 120–209 LGP. These subregions also
have differential ethnic representation with occasional
overlaps. The germplasm was collected from farmers’
fields in June/July 2010 in Tanzania and in July 2010 in
Uganda, whereas in Kenya it was provided by the National
Genebank and was collected between 1988 and 1997.
The 15 minicore accessions were selected based on the
diversity groups established by Upadhyaya et al. (2010)
and were included to ascertain whether the minicore set
adequately captured the total global diversity.
Plant cultivation
Finger millet seeds were planted in 8 £ 12-well plastic
trays in soil that was sterilized at 1408C for 30 min and
placed in an incubator at 308C for 24 h to germinate.
The seedlings were then transferred to a greenhouse at
the University of Nairobi field station for 2 weeks and
were watered regularly.
DNA extraction
Leaf samples of a similar size were taken from 10–14-
day-old plants from five seedlings in each accession
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and bulked per accession. The leaf tissue was placed in
12 £ 8-well strip tubes with strip caps (Marsh Biomarket,
Foster city, California, USA) together with two 4 mm
stainless-steel grinding balls (Spex CertiPrep, Metuchen,
New Jersey, USA). To each sample, 450mL of preheated
(658C) extraction buffer (100 mM Tris–HCL (pH 8),
1.4 M NaCl, 20 mM EDTA: CTAB (3% w/v), and b-mercap-
toethanol (0.15% v/v)) were added and secured with
eight-strip caps (Marsh Biomarket, USA). The samples
were finely ground in a Spex CertiPrep Inc. Geno/grinder
2000w at 500 strokes/min for 10 min and incubated for
30 min at 658C in a water bath with occasional mixing.
DNA extraction was then carried out following the pro-
tocol of Mace et al. (2003) by excluding the phenol–
chloroform step, as this does not compromise the quality
of the DNA (S. de Villiers, unpublished results).
PCR
The PCR procedure was carried out according to the
method described by Roux (2009). A 10mL reaction mix
containing ddH2O, Taq buffer (20 mM Tris–HCl (pH 7.6),
100 mM KCl, 0.1 mM EDTA, 1 mM DTT, 0.5% (v/v) Triton
X-100 and 50% (v/v) glycerol), 2 mM MgCl2, 0.16 mM
dNTPs, 0.16mM of a labelled M13-sequence, 0.04mM
forward primer, 0.2mM reverse primer and 0.2 units of
Taq DNA polymerase (SibEnzyme Ltd, Novosibirsk,
Russia) was prepared. In an optical 384-well reaction
plate (Applied Biosystems, Carlsbad, California, USA),
7mLof the reactionmixwere added to 30 ngof the template
DNA and amplified in a PCR machine (Thermocycler-
GeneAmp PCR system 9700w; Applied Biosystems, USA).
Amplification consisted of initial denaturation of the
template DNA at 948C for 5 min, followed by 35 cycles of
948C for 30 s, and annealing at 598C for 1 min, with the
first extension at 728C for 2 min and the final extension at
728C for 20 min. To verify amplification, PCR products
were electrophoresed on a 2% agarose gel. The amplified
DNA was visualized under UV light after staining with
GelRedw (Biotium, Hayward, California, USA). The DNA
samples obtained as described above for each accession
were subsequently subjected to SSR genotyping using the
best 23 markers selected from a reference microsatellite
kit of 82 markers that were evaluated across ten finger
millet varieties at the ICRISAT-Nairobimolecular laboratory
(S. de Villiers, unpublished results) to determine their
amplification efficiency, polymorphism and ability to
discern genetic diversity in finger millet. All the forward
primers contained an M13-tag (50-CACGACGTTGTAAAA-
CGAC-30) on the 50-end that was fluorescently labelled to
allow the detection of amplification products (Sheulke,
2000). Depending on the efficiency of amplification,
1.5–3.5mL of three different amplification products were
co-loaded together with a size standard that ranged from
50 to 500 bp (GeneScane-500 LIZw; Applied Biosystems)
and Hi-Die-Formamide (Applied Biosystems) and the
amplified fragments were separated by capillary electro-
phoresis using an ABI Prismw 3730 Genetic analyser
(Applied Biosystems) (Kuomi et al., 2004). GeneMapper
4.0 (Applied Biosystems) was used to score allele sizes
in base pairs.
Phenotypic characterization
A total of 420 finger millet accessions (301 from Kenya,
Uganda and Tanzania, all genotyped as described
above, and an additional 39 accessions from the three
countries, 80 global minicore accessions and five
checks) were phenotyped at Kiboko (a dry lowland
location 960 m above sea level, 28200S 378 450E) in eastern
Kenya. The five checks were ‘Kahulunge’ – farmer
preferred in Tanzania, ‘Nakuru FM1’ – released in
Kenya for cool high altitudes, ‘Seremi 2’ – released in
Kenya and Uganda for mid-altitudes, ‘KNE 479’ – blast-
susceptible check, and ‘KNE 814’ – blast-resistant
check. The materials were planted in an augmented
design in single row plots of 4 m length with an inter-
row spacing of 0.40 m. The trial was arranged in 20
blocks of 26 plots each, with all check varieties being
replicated once in each block. Seeds were drilled in
2.5–3 cm-deep furrows and plants were thinned to one
plant per hill at intervals of 0.10 m 2 weeks after emer-
gence. Standard fertilizer rates were applied. Qualitative
data (plant colour, growth habit, ear shape, ear size and
grain colour) were collected according to morphological
descriptors for finger millet (IBPGR, 1985).
Data analysis
Marker statistics and clustering
PIC, which measures the discriminatory power of each
SSR locus (Anderson et al., 1993), number of alleles per
locus, frequency of the major allele, observed heterozyg-
osity and expected heterozygosity for the 19 polymorphic
markers were calculated using PowerMarker 3.2.5 (Liu
and Muse, 2005). Principal coordinates analyses (PCoA)
were carried out using pairwise genetic dissimilarity
coefficients of the accessions using simple matching of
the Unweighted Pair Group Method with Arithmetic
Mean (UPGMA) with the DARwin v.5.0.158 software
(Perrier and Jacquemoud-Collet, 2006). Neighbouring
trees were generated based on the matrix of genetic
distances with a bootstrapping value of 10 000 (Saitou
and Nei, 1987).
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Genetic diversity
Standard parameters of genetic diversity, viz. total
number of alleles (At), number of rare alleles (Ar, with
allele frequency ,5%), number of private alleles (Ap,
alleles unique to a group), observed heterozygosity
(Ho), and expected heterozygosity (or gene diversity,
He), were computed using Arlequin 3.1.1 (Excoffier
et al., 2005). These parameters were compared pairwise
for the germplasm at country and subregional levels
and tested for their significance using 10,000 permu-
tations (Belkhir et al., 2002).
Analysis of molecular variance (AMOVA)
AMOVA was used to estimate population differentiation
directly from molecular data (Excoffier et al., 2005)
using genetic distances as deviations from a group
mean position and squared deviations as variances.
Wright’s fixation index (FST) was calculated according
to Wright (1965) as follows:
F ST ¼ HT 2 H Sð Þ=HT;
where HT is the sum of population heterozygosities and
HS is the sum of subpopulation heterozygosities. The sig-
nificance of FST was tested using Fisher’s exact test (Guo
and Thompson, 1992) in Arlequin 3.1.1 (Excoffier et al.,
2005). To test the null hypothesis of no-population struc-
ture within and between the groups, the FST values were
compared on a pairwise basis to determine the level
of genetic differentiation at country and subregional
levels (Fitzpatrick, 2009). Based on the FST values,
differentiation between the subpopulations was classified
as little (0.0–0.05), moderate (0.05–0.15), great
(0.15–0.25) and very great (.0.25) (Wright, 1965).
Phenotypic diversity
Shannon–Weaver diversity indices (H 0) as described by
Jain et al. (1975) were calculated based on phenotypic
frequencies (proportions) of each trait category to esti-
mate phenotypic diversity between the accessions,
across the countries and within each country:
H ¼
X
PilogePi;
where H is the Shannon diversity index and Pi is the pro-
portion of accessions in the ith class of an n class trait in
a population. The H value was standardized by dividing
it by its natural log loge n (n ¼ number of phenotypic
classes in the trait) to obtain H0. Frequencies of the occur-
rence of each trait category in the germplasm expressed
as a percentage of the total number of accessions in the
entire germplasm collection and in each country and in
the entire germplasm were also calculated. To under-
stand the association of the phenotypic traits with the
SSR-based tree derived in DARwin, the phenotypic
values (for similar entries) scored for each trait category
were overlaid on the SSR-generated tree and the relative
importance was assessed by comparing the SSR tree
grouping with the distribution of these traits in each
group (Sharma et al., 2010).
Results
Marker summary statistics and clustering
Four markers (UGEP5, UGEP68, UGEP98 and UGEP96)
failed to amplify in the PCR across most samples and
were eliminated. One marker (UGEP110) appeared to
amplify duplicate loci and was scored as two separate
markers, leading to 19 markers amplifying 20 loci. The
19 markers amplified PCR products across 337 accessions
(Table S1, available online), with amplification failing or
being poor in three samples. Allele sizes ranged from
148 bp (allele from UGEP20) to 474 bp (allele from
UGEP57) (Table 1). The UGEP33 marker was monomor-
phic. The number of alleles per marker ranged from 3
(UGEP110 and UGEP106) to 23 (UGEP24), with an aver-
age of 10.3 alleles per marker (Table 1). The average
gene diversity for the 337 accessions was 0.604, with
a range of 0.035 (UGEP110) to 0.898 (UGEP67), and
the PIC values for the 19 polymorphic markers ranged
from 0.035 (UGEP110) to 0.889 (UGEP67), with a mean
of 0.606.
A neighbour-joining (NJ) tree was constructed based
on the UPGMA to visualize genetic dissimilarities
detected across the 20 SSR loci, and it differentiated the
accessions into three major genetic groups or clusters
and eight subclusters (Fig. 1). Cluster 1 had 44 accessions
from Kenya, 52 from Tanzania, seven from Uganda,
seven from the minicore (four originally from Uganda,
one from Kenya and two from Zambia) and 15 checks
(elite and blast-resistant parents). Cluster 2 had 75 acces-
sions from Kenya, 13 from Tanzania, 90 from Uganda,
eight from the minicore (one originally from Kenya,
three from Zimbabwe, one from Nigeria, two from
India and one from Nepal) and six checks. Cluster 3
(made up mainly of accessions from high altitudes) had
eight accessions from Kenya (seven from the high-
altitude Rift Valley subregion), ten from Tanzania (seven
from the southern high-altitude subregion), one from
Uganda, zero from the minicore and three blast-resistant
checks. Subcluster 1A had 17 accessions from Kenya, two
from Uganda, 33 from Tanzania, two from the minicore
(one originally from Uganda and one from Kenya) and
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two checks (blast resistant). Subcluster 1B had 12
accessions from Kenya, zero from Uganda, seven from
Tanzania, two from the minicore (both originally from
Zambia) and four checks (three blast resistant). Subclus-
ter 1C had 14 accessions from Kenya, five from Uganda,
12 from Tanzania, three from the minicore (all originally
from Uganda) and nine checks (seven blast susceptible).
Subcluster 2A had nine accessions from Kenya, 34 from
Uganda, two from Tanzania, zero from the minicore
and two checks (all blast susceptible). Subcluster 2B
Table 1. Summary statistics for the 19 polymorphic single-sequence repeat (SSR) loci screened across 337 genotypes
SSR markers
Repeat
sequence
Allele size
range
Major allele
frequency PIC Availability Heterozygosity
No. of
alleles
UGEP67 (TC)22 TT(GT)5 227–243 0.167 0.889 0.837 0.358 12
UGEP53 (AG)26 220–240 0.168 0.877 0.938 0.513 14
UGEP66 (AG)29 207–237 0.234 0.876 0.956 0.227 20
UGEP12 (CT)22 226–244 0.265 0.825 0.973 0.000 10
UGEP46 (GA)14 176–192 0.234 0.819 0.914 0.046 13
UGEP24 (GA)26 164–204 0.310 0.800 0.932 0.239 23
UGEP64 (CT)23 192–196 0.331 0.759 0.941 0.000 14
UGEP95 (TC)14 209–231 0.403 0.734 0.979 0.209 10
UGEP31 (GA)12 239–261 0.317 0.722 0.712 0.000 10
UGEP27 (GA)19 209–235 0.455 0.716 0.994 0.275 12
UGEP57 (GA)16 460–474 0.531 0.613 0.858 0.010 8
UGEP20 (GA)20 148–170 0.598 0.574 0.985 0.078 9
UGEP79 (CT)12 183–191 0.604 0.502 1.000 0.131 6
UGEP56 (GT)12 157–183 0.517 0.491 0.861 0.238 5
UGEP84 (CT)24 166–188 0.775 0.375 0.896 0.248 13
UGEP110-1 (CT)12 195–215 0.673 0.365 0.979 0.000 5
UGEP106 (AC)12 182–194 0.752 0.339 0.988 0.018 3
UGEP73 (CT)4 CC(CT)10 242–248 0.889 0.197 0.988 0.012 5
UGEP110 (CT)12 165–173 0.982 0.035 0.991 0.000 3
Maximum 474 0.982 0.889 1.000 0.513 20
Minimum 148 0.167 0.035 0.712 0.000 3
Mean – 0.485 0.606 0.933 0.137 10.3
PIC, polymorphic information content.
Group 1
1A
1B
1C
2A 2B
Red-Uganda, Blue-Kenya, Green-Tanzania, Pink-Minicore, Brown-Checks
2C
2D
Group 2 Group 3
Fig. 1. Neighbour-joining tree based on the UPGMA genetic dissimilarities for the 337 accessions (details of accessions in
each cluster are seen in supplementary Table S1).
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had 21 accessions from Kenya, 28 from Uganda, one from
Tanzania, one from the minicore (originally from Kenya)
and one blast-susceptible check. Subcluster 2C had
14 accessions from Kenya, ten from Uganda,
eight from southern Tanzania, three from the minicore
(one originally from Nigeria and two originally from
Zimbabwe) and one blast-resistant check. Subcluster 2D
had 32 accessions from Kenya, 16 from Uganda, two
from Tanzania, three from the minicore (two originally
from India and one originally from Nepal) and two
checks. There was a close association between the
Kenyan and Tanzanian accessions (clusters 1 and 3)
and between the Kenyan and Ugandan accessions
(cluster 2) (Fig. 1).
Genetic relationships between countries
and subregions
A biplot of the first two axes accounted for 11.13% of
the total variation (data not shown). However, there
was no clear separation of accessions on the two axes
based on the country and subregion of collection.
A total of 195 alleles were detected in the 337 accessions,
of which 123 (57.7%) were rare (alleles with frequency
,5%) and 37 (17.4%) were private (alleles that appear
in individuals from only one subpopulation) (Table 2).
Most of the private alleles (21 or 56.8%) were present
in the Kenyan accessions. The highest genetic diversity
(0.639 ^ 0.283) was recorded in the Kenyan accessions
followed by the Tanzanian accessions (0.636 ^ 0.262)
and the least was recorded in the Ugandan accessions
(0.583 ^ 0.264). The minicore accessions had a mean
genetic diversity of 0.638 ^ 0.224. At the subregional
level, the highest genetic diversity (0.596 ^ 0.280) was
detected in accessions from eastern Uganda and the
lowest in accessions from western Tanzania (0.049^
0.335) (Table 2).
Genetic differentiation
There was moderate but highly significant (P , 0.001)
genetic differentiation between and within the countries
and subregions. At the country level, variability within
the countries accounted for 76.0% of the genetic differ-
ences, whereas that between the countries and within
the accessions in each country accounted for 5.4 and
18.5%, respectively (Table S2, available online). Pairwise
comparison of variability between the three countries
revealed the highest variability between the Ugandan
and Tanzanian accessions (FST ¼ 0.119; P , 0.001) and
the least between the Kenyan and Ugandan accessions
(FST ¼ 0.031) (Table 3). The Ugandan accessions from
the minicore had the highest variability (FST ¼ 0.092;
P , 0.001) and the Tanzanian accessions the least
(FST ¼ 0.041; P , 0.001). Variability between the sub-
regions accounted for 4.9% of the genetic diversity, that
among the accessions in the subregions for 73.7%, and
that within the accessions in each subregion for 21.4%
(Table S2, available online). The highest diversity was
observed between accessions from northern Tanzania
and those from northern Uganda (FST ¼ 0.139;
P , 0.001) and the least between accessions from northern
Uganda and those from western Tanzania (FST ¼ 0.013;
P , 0.001) (Table 3).
Phenotypic diversity
A wide range of variability was observed in qualitative
traits among the accessions (Table 4). The tan plant
types (68.6%) were the most predominant across the
three countries, with a higher proportion being observed
in the Tanzanian accessions (85.5%). Overall, the acces-
sions had 93.2% erect plants and 6.8% decumbent
plants, with all the Kenyan accessions being erect. Most
of the decumbent plant types were found within the
Tanzanian accessions (19.5%). The predominant panicle
shape in all the accessions was the compact type
(48.3%), largely observed in the Ugandan accessions,
followed by the semi-compact (37.8%), fisted (8.1%),
open (3.4%) and droopy (2.4%) types. A range of grain
colours were observed, with brown being dominant
in all the accessions (73.3%) and within the countries of
origin. The least prevalent grain colour was white in
Table 2. Genetic diversity estimates for the finger millet
accessions at the country and subregional levels
Structural factors At Ar Ap He Ho
Countries
Kenya 188 96 21 0.639 0.115
Tanzania 159 72 5 0.636 0.114
Uganda 142 82 11 0.583 0.127
Minicore 104 19 0 0.638 0.148
Checks 105 28 0 0.598 0.099
Subregions
Eastern Kenya 124 46 5 0.578 0.124
Western Kenya 133 42 8 0.592 0.138
Rift Valley 131 50 4 0.562 0.150
Western Tanzania 53 0 0 0.490 0.140
Northern Tanzania 72 0 0 0.542 0.141
Southern Tanzania 136 54 10 0.577 0.133
Eastern Uganda 129 43 3 0.596 0.160
Western Uganda 105 22 3 0.545 0.166
Northern Uganda 119 46 6 0.553 0.122
At, total alleles; Ar, rare alleles; Ap, private alleles; He,
Expected heterozygosity or gene diversity; Ho, Observed
heterozygosity.
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all the accessions (0.6%), with none being observed in the
Ugandan accessions. The minicore accessions had a
proportionately lower number of exposed grain types
(32.5%) and a higher number of dark-seeded types
(22.2%) relative to the total across the germplasm of
the three countries. Shannon–Weaver diversity indices
indicated an overall moderate allelic richness in the
qualitative traits (H 0 ¼ 0.66). Relatively though, the
highest diversity was observed in panicle shape
(H 0 ¼ 0.85) and the least in growth habit (0.27) (Table 4).
Table 3. Pairwise FST estimates between the countries and subregions of origin of finger millet accessions obtained from
three East African countries
Pairwise FST for countries
Tanzania Uganda Minicore
Kenya 0.0476 0.0305 0.046
Tanzania – 0.118 0.041
Uganda – 0.092
Minicore –
Pairwise FST for subregions
EK WK RV EU NU WU NT WT ST Mc
EK – 0.030 0.033 0.017 0.088 0.048 0.088 0.058 0.079 0.064
WK – 0.031 0.039 0.064 0.0578 0.036 0.014 0.026 0.051
RV – 0.060 0.066 0.061 0.094 0.033 0.066 0.064
EU – 0.029 0.039 0.029 0.083 0.081 0.066
NU – 0.048 0.139 0.011 0.134 0.105
WU – 0.113 0.084 0.126 0.113
NT – 0.054 0.039 0.094
WT – 0.042 0.071
ST – 0.064
Mc –
EK, Eastern Kenya; WK, Western Kenya; RV, Rift Valley; EU, Eastern Uganda; NU, Northern Uganda; WU, Western Uganda;
NT, Northern Tanzania; WT, Western Tanzania; ST, Southern Tanzania; Mc, Minicore.
Table 4. Relative percentages of representation per country and Shannon–Weaver diversity indices (H 0) of qualitative traits
Percentages
Traits Category Kenya Tanzania Uganda
Overall
(three
countries) Minicore
Overall diversity
index (H 0)
(three countries)
Diversity
index (H 0) for
the minicore
Plant colour 0 68.8 85.5 51.4 68.6 62.5 0.58 0.65
1 31.2 14.5 48.6 31.4 37.5
Growth habit 3 0.0 19.5 1.0 6.8 10.0 0.27 0.25
5 100.0 80.5 99.0 93.2 90.0
Panicle shape 1 0.0 7.2 0.0 2.4 2.5 0.85 0.82
2 2.9 7.2 0.0 3.4 2.5
3 47.6 46.4 19.4 37.8 33.8
4 41.8 36.2 67.0 48.3 57.4
5 7.7 2.9 13.6 8.1 3.8
Glume cover 3 53.3 46.0 61.9 50.1 32.5 0.4 0.5
5 42.2 38.2 38.1 43.1 55.0
7 4.5 15.8 0.0 6.8 12.5
Grain colour 1 0.6 1.3 0.0 0.6 3.8 0.81 0.77
2 9.7 30.7 10.5 17.0 8.8
3 76.1 62.7 81.0 73.3 65.2
4 13.6 5.3 8.5 9.1 22.2
Overall
diversity
index (H 0)
0.67 0.76 0.55 – – 0.66 0.74
Plant colour: 0 – tan, 2 – pigmented; growth habit: 3 – decumbent, 5 – erect; panicle shape: 1 –droopy, 2 – open, 3 – semi-
compact, 4 – compact, 5 – fisted; glume covering: 3 – exposed, 5 –intermediate, 7 – enclosed; and grain colour: 1 – white,
2 – light brown, 3 – brown, 4 – dark brown.
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The highest diversity was recorded in the Tanzanian
accessions (H 0 ¼ 0.76), followed by the minicore
accessions (H 0 ¼ 0.74), and the least in the Ugandan
accessions (H 0 ¼ 0.55). Growth habit, ear shape, grain
colour and plant colour scores were associated with the
SSR-based genetic diversity results in the NJ tree con-
structed using DARwin 5.0. When used to assess their
importance/value in delineating the diversity detected
in the 340 accessions based on molecular data, these
morphological traits played no role.
Discussion
The PIC and gene diversity values obtained using the
19 primer pairs revealed high diversity in the germplasm.
An average of 60.6% polymorphism revealed by the
19 SSR markers was comparable to 70.2% reported by
Panwar et al. (2010), whereas the mean genetic diversity
value, 0.636, and the mean number of alleles per locus,
10.3, across the 340 accessions were higher than 0.330
and 3.4, respectively, reported by Dida et al. (2008)
across 79 accessions from Africa. The differences in diver-
sity and alleles could be attributed to population type
and size used and marker polymorphism, respectively.
The lowest number of alleles per locus (1.0) was reported
by Naga et al. (2011) using 20 SSR primers. With a hetero-
zygosity range of 0.0–0.5 in the germplasm in this study,
it is likely that some markers might have detected/
amplified more than a single locus or amplified segments
on two different genomes, considering that finger millet
is an allotetraploid with two genomes (AA and BB)
(Dida et al., 2008). The high percentage of rare alleles
in the germplasm (57.5%) coupled with a high number
of private alleles in the Kenyan germplasm (56.8%) con-
firms the existing potential in the germplasm for selection
of genetically diverse parental lines for breeding.
Genetic differentiation
Genetic distances based on the UPGMA clustering and
PCoA revealed no distinct differentiation among the
countries and subregions of collection. The three major
clusters observed were made up of a mix of accessions
from all the countries and subregions. This undefined
clustering was supported by the AMOVA, where a
higher level of variability was detected among the acces-
sions within countries and subregions than among the
countries and subregions. This could be attributed to
agroecological and LGP differences within the countries
and subregions. Non-differentiation of the subregions
could also be attributed to the lack of a link between pol-
itical boundaries and ecological separation. In addition,
there is a similarity between ethnic communities occupying
both sides of neighbouring countries, such as the Luhya
and Teso ethnic groups that occupy western Kenya and
eastern Uganda. These communities retain their cultures
and food habits irrespective of the political borders and
regularly share seed and grain markets. A lack of separ-
ation of accessions relative to the subregion of collection
was also reported by Naga et al. (2011) using 20 SSR
primers to characterize 15 finger millet accessions from
Africa and Asia and Bezawelataw (2011) using 15 RAPD
primers to characterize 66 Ethiopian finger millet land-
races. Earlier genetic diversity studies carried out by
Dida et al. (2008) using isozyme and DNA markers also
revealed a limited genetic variation in finger millet
among the cultivated varieties from varying agroecologi-
cal adaptation. This finding is further supported by mol-
ecular diversity studies in other crops, where an overlap
of accessions from different geographical regions was
reported by Kimani et al. (2012) using 15 RAPD primer
pairs to characterize 50 lablab bean (Lablab purpureus)
accessions collected in Kenya. In Mali, Barro-Kodombo
et al. (2010) found a weakly stratified diversity in
sorghum germplasm that could not be explained by
any biophysical criteria with higher variability within
populations as opposed to regions/zones. However,
these findings differ from those of Fakrudin et al.
(2004), who found variability based on regional origin in
12 finger millet accessions in India using 35 RAPD primers.
Pairwise comparisons of countries and subregions clearly
revealed that the highest variability was within the countries
and subregions than between the countries and subregions
of collection. Cluster analysis, FST and PCoA did not corre-
late the diversity detected by the 19 SSR markers with the
country of origin. The high genetic diversity observed
within the Kenyan accessions and the least differentiation
between the Tanzanian accessions from the minicore are
indicative of the potential in this germplasm for finger
millet improvement.
The low genetic differentiation observed between the
countries with regard to the East African finger millet
germplasm could be historical in nature due to the
crop’s origin from the eastern African region and hence
these accessions share a common gene pool. The role
and impact of seed-mediated gene flow, as evidenced
by the regular cross-border finger millet trade and grain
market seed sourcing, could explain the close relation-
ship between most of the Kenyan and Ugandan acces-
sions and the Kenyan and Tanzanian accessions, in
addition to the close similarity in agroecologies between
western Kenya and the three finger millet production
subregions of Uganda. However, selections within
countries and subregions for agroecological adaptation
and end use play a key role in the variability observed
within countries and subregions. Conversely, the overall
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wide diversity observed between the Uganda and
Tanzania germplasm could be explained by the wide
geographical separation; hence, any genetic commonality
is largely due to farmer-to-farmer interactions in terms
of seed exchanges and grain trade. The surprisingly
low variability in the accessions from Uganda (despite
the country being the primary centre of finger millet
diversity) is a pointer to potential genetic erosion that
could be due to the adoption of improved cultivars,
high selection pressure to satisfy a growing commercial
market (leading to genetic drift) and/or diversity loss
during the recent period of war. Low polymorphism
was also reported among highly inbred cultivated finger
millet types in India by Fakrudin et al. (2004). There
was almost an even distribution of the eight subclusters
of major clusters 1 and 2 in the selected global minicore
set groupings in the DARwin tree grouping, but no
genotypes from cluster 3 were represented in the mini-
core accessions, pointing to a possibility of unique
accessions in this germplasm not being captured in the
global germplasm at the ICRISAT genebank. This is in
agreement with the conclusions drawn by Upadhyaya
et al. (2006) that the composition of the core collection
is subject to change as additional accessions become
available. According to Ramu et al. (2013), effective popu-
lation structure assessment depends on the type of
markers and how representative they are across the crop’s
genome. As only seven of the markers used in this study
have been fully mapped, it is not known to what extent
they provided adequate genome coverage across the
linkage groups, which probably limited the ability to
fully capture the existing variability in the germplasm.
Qualitative traits
Panicle shape and grain colour are often used by farmers
in cultivar differentiation (de Wet et al., 1984). The
predominance of brown grain types is based on quality
acceptance dictated by farmer and industry preferences.
During a survey carried out in Kenya and Uganda in
2002 (Sreenivasaprasad et al., 2004), it was established
that brown/red grain types were the most preferred
because they made good beer and blended well with
cassava for ugali (a stiff porridge eaten in East Africa).
These were also mostly preferred by industry/processors
for making composite and pure flours for weaning
foods and porridges. These types also suffer less bird
damage compared with the white grain types. Brown
grain types with compact panicles have been reported
to have resistance to finger blast (Pande, 1992; Takan
et al., 2004). The very low frequency of the occurrence of
white grain types observed in this study was also reported
by Tsehaye and Kebebew (2002) and Bezawelataw
et al. (2007). The susceptibility of the white-seeded types
to bird attack and grain mould (Fusarium spp.) in
humid environments, especially in Ugandan and Kenyan
agroecologies where finger millet is mainly grown, may
have contributed to their low frequency. However, the
morphological (qualitative) traits of panicle shape and
both grain and plant colour seemed not to play a
role in the delineation of diversity in this germplasm, as
there was no correlation between genetic variability and
phenotypic traits. This, however, was not unexpected,
as the 19 markers used in the study are not known
to be linked to any of these morphological traits. This
was similarly observed in fonio (Digitaria exilis) by
Adoukonou-Sagbadja et al. (2007).
Conclusion
This study has shown that although there is a close
relationship between the three East African countries’
finger millet germplasm, substantial diversity exists
within each country’s germplasm. The Kenyan germ-
plasm is more closely related to the Ugandan and
Tanzanian germplasm and there is a wide variability
between the Ugandan and Tanzanian germplasm. This
could be attributed to geographical proximities, ethnic
similarities and cross-border seed exchanges between
neighbouring communities. The low diversity observed
in the Ugandan accessions could point to genetic diver-
sity loss due to the promotion and use of a few improved
cultivars. The genetic diversity and high number of rare
and private alleles detected could be attributed to the
high diversity in the germplasm, considering that East
Africa is the primary centre of finger millet diversity.
The lack of representation of accessions from cluster 3
(largely represented by accessions adapted to cool high-
elevation agroecologies) in the minicore set could provide
an opportunity to enrich the global finger millet germ-
plasm. No correlations between qualitative traits and gen-
otypic diversity were observed. The diversity revealed in
this germplasm will be valuable for conservation and for
breeding programmes to develop diverse populations
and lines to respond to prevalent abiotic and biotic stres-
ses. The extent of the variability measured in the acces-
sions in this study corresponds with that reported by the
few other studies that have been conducted, and overall
these studies provide incentive to develop more robust,
trait-associated markers in finger millet.
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